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Longitudinal axon fascicles within the Drosophila
embryonic CNS provide connections between body
segments and are required for coordinated neural
signaling along the anterior-posterior axis. We
show here that establishment of select CNS longitu-
dinal tracts and formation of precise mechanosen-
sory afferent innervation to the same CNS region
are coordinately regulated by the secreted sema-
phorins Sema-2a and Sema-2b. Both Sema-2a and
Sema-2b utilize the same neuronal receptor, plexin
B (PlexB), but serve distinct guidance functions.
Localized Sema-2b attraction promotes the initial
assembly of a subset of CNS longitudinal projections
and subsequent targeting of chordotonal sensory
afferent axons to these same longitudinal connec-
tives, whereas broader Sema-2a repulsion serves
to prevent aberrant innervation. In the absence of
Sema-2b or PlexB, chordotonal afferent connectivity
within the CNS is severely disrupted, resulting in
specific larval behavioral deficits. These results
reveal that distinct semaphorin-mediated guidance
functions converge at PlexB and are critical for
functional neural circuit assembly.
INTRODUCTION
Neurons extend processes over long distances during develop-
ment, establishing complex yet precise connections to achieve
mature neuronal functions. During this process growing neuronal
processes recognize and interpret numerous cues as they
navigate to their appropriate targets (Raper and Mason, 2010;
Tessier-Lavigne and Goodman, 1996). In both vertebrates and
invertebrates, longitudinal neural tracts extending along the
anterior-posterior axis within the nerve cord serve to exchangeand integrate information between different body segments
and the brain. To establish these tracts, developing neurites
must extend across segmental boundaries, often fasciculating
with related neurites from a myriad of possible partners in adja-
cent segments. In addition, longitudinal pathways often receive
neural input from sensory afferents and other local interneurons
critical for processing specific sensory information and modu-
lating appropriate motor responses. These two aspects of longi-
tudinal tract assembly could be intrinsically linked to better
achieve select targeting of neuronal projections that belong to
the same circuit.
Cellular experiments in both invertebrates and vertebrates
demonstrate the importance of contact with pioneer neurons
for the establishment of continuous rostral-caudal neuronal
pathways (Goodman et al., 1984; Kuwada, 1986; Wolman
et al., 2008). Genetic analyses in the Drosophila embryonic
CNS reveal molecular mechanisms governing important aspects
of longitudinal pathway organization within the nerve cord. The
initial projections of some CNS axons that extend longitudinally
are first guided by selectively localized netrin on the surface of
adjacent axons (Hiramoto et al., 2000). Subsequently, these
axons lose their responsiveness to netrin, continue projecting
longitudinally, and cross segmental boundaries through the
action of Slit/Robo signaling (Hiramoto and Hiromi, 2006). Slit-
mediated repulsion specifies three lateral positions (medial,
intermediate, and lateral) for distinct longitudinal axon tracts
based on differential expression of Robo receptors (Evans and
Bashaw, 2010; Rajagopalan et al., 2000; Simpson et al., 2000;
Spitzweck et al., 2010). Related functions of Slit-Robo signaling
for CNS longitudinal tract formation have also been observed in
vertebrates (Farmer et al., 2008; Long et al., 2004; Lopez-Bend-
ito et al., 2007; Mastick et al., 2010). Interestingly, sensory
afferent input to the Drosophila embryonic CNS utilizes this
same Slit-Robo code to regulate the projection of different
sensory axon classes to distinct CNS lateral positions (Zlatic
et al., 2003), restricting both the pre- and postsynaptic compo-
nents of this first synapse for sensory circuits to a limited region.
It remains to be determined how neuronal projections within
these specific regions selectively fasciculate with one another.Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc. 281
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L1, and Tag1, have been observed to promote the fasciculation
of CNS longitudinal projections (Harrelson and Goodman, 1988;
Lin et al., 1994; Wolman et al., 2007; Wolman et al., 2008). In the
grasshopper and inDrosophila, anti-FasII monoclonal antibodies
(MAbs) specifically label several longitudinal fascicles on each
side of the CNS, and in Drosophila (utilizing the 1D4 mAb) these
appear as three discrete longitudinal axon tracts when viewed
from a dorsal aspect (Bastiani et al., 1987; Grenningloh et al.,
1991; Landgraf et al., 2003). However, the 1D4-positive (1D4+)
tracts in the Drosophila embryonic CNS represent only a small
subset of the total CNS longitudinal pathways within each lateral
region specified by the Slit-Robo code, and they are closely
associated with other longitudinal projections that are 1D4-
negative (Bastiani et al., 1987; Lin et al., 1994; Rajagopalan
et al., 2000; Simpson et al., 2000). Chordotonal (ch) sensory
afferent inputs to the CNS, which specifically exhibit axonal
branching and elongation along the intermediate 1D4+ longitu-
dinal tract (Zlatic et al., 2003), are also 1D4-negative. Taken
together, these observations suggest that additional factors
govern these specific fasciculation events within each CNS
region.
Repulsive semaphorin guidance cues signaling through their
cognate plexin receptors have been implicated in longitudinal
tract formation and in the restriction of sensory afferent pro-
jections to distinct CNS targets in both Drosophila and mouse
(Pecho-Vrieseling et al., 2009; Yoshida et al., 2006; Zlatic et al.,
2009). In Drosophila, Plexin A (PlexA) and Plexin B (PlexB) are
the only plexin receptors, and both play important roles during
CNS longitudinal tract development. PlexA is the receptor for
transmembrane semaphorin-1a (Sema-1a) and is required for
CNS longitudinal tract formation, however only in themost lateral
region of the nerve cord (Winberg et al., 1998b). The PlexB
receptor, in contrast, is specifically required for the organization
of CNS longitudinal tract only in the intermediate region (Ayoob
et al., 2006), however the identity of the PlexB ligand(s) required
for this function is still unclear. There are two secreted sema-
phorins in Drosophila, semaphorin-2a (Sema-2a) and sema-
phorin-2b (Sema-2b). Sema-2a signals repulsion and contrib-
utes in part to PlexB-mediated sensory afferent targeting
within the CNS; however, CNS longitudinal projections appear
to be less affected in Sema-2a mutants as compared to PlexB
mutants (Zlatic et al., 2009).
Here, we show that both Sema-2a and Sema-2b are PlexB
ligands during embryonic CNS development and mediate
distinct functions. The PlexB receptor integrates both Sema-2a
repulsion and Sema-2b attraction to coordinately regulate the
assembly of specific CNS longitudinal projections and select
sensory afferent innervation within that same CNS region.
Perturbation of PlexB-mediated signaling during the establish-
ment of sensory afferent connectivity within the CNS results in
larval sensory-dependent behavioral deficits. These results
suggest that a combination of semaphorin cues, acting in
concert with the longer-range Slit gradient in the embryonic
Drosophila CNS, ensures the fidelity of both CNS interneuron
projection organization and sensory afferent targeting, both of
which are critical for the establishment of a functional neural
circuit.282 Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc.RESULTS
PlexB Is Required for Appropriate Projection of Both
CNS Interneurons and ch Sensory Afferents within the
Intermediate Domain of the Embryonic Drosophila CNS
In the absence of PlexB, interneuron projections that form a
group of longitudinal connectives in the developing Drosophila
embryonic CNS are disorganized (Ayoob et al., 2006). Interest-
ingly, the targeting of ch sensory afferent projections to the
CNS occurs within this same intermediate CNS region, as deter-
mined by intracellular labeling of individual ch neurons (Merritt
and Whitington, 1995; Zlatic et al., 2003). By genetically labeling
ch neurons with GFP using the iav-GAL4 driver (Kwon et al.,
2010) and visualizing CNS longitudinal tracts with 1D4 immuno-
histochemistry (Figures 1A–1D), we asked whether or not
sensory afferent targeting to the CNS also requires PlexB. As
previously reported (Ayoob et al., 2006), in PlexB/ null mutant
(PlexBKG00878) embryos the intermediate 1D4+ longitudinal tract
(1D4-i) is severely disorganized (including defasciculation, disor-
ganization, and wandering of axon bundles within this interme-
diate position); however, the medial and lateral 1D4+ tracts
(1D4-m and 1D4-l) appear normal (Figures 1E and 1F). In
PlexB/ mutants, ch axons extend into the CNS but fail to
form regular terminal branches in the region of the disrupted
1D4-m tract, instead remaining stalled with expanded, splayed
out, morphologies over the region where they normally would
elaborate their synaptic contacts (Figures 1G and 1H). The other
plexin receptor inDrosophila, PlexA, is required for the formation
of the 1D4-l tract but not the 1D4-i tract, and in PlexA/mutants
ch afferent projections target to the medial region of the CNS
in a relatively normal fashion (see Figures S1A–S1D available
online). These results show that PlexB-mediated signaling is
required for appropriate projection of both CNS interneurons
and ch sensory afferents to the same intermediate region within
the developing CNS.
Both Sema-2a and Sema-2b Are PlexB Ligands Required
for Appropriate Projection of CNS Interneurons
within the Intermediate Longitudinal Region
During Drosophila embryonic neural development, the 1D4-i
tract is established before ch sensory afferent targeting and
elongation along this tract (Figures S1E–S1J). Therefore, we first
addressed how PlexB regulates the formation of the 1D4-i tract
within the CNS by defining the ligands required for this function.
The semaphorin protein Sema-2a is thought to be a PlexB ligand
in both the PNS and CNS (Ayoob et al., 2006; Bates andWhiting-
ton, 2007; Zlatic et al., 2009). However, previous analyses using
different P element-derived Sema-2a/mutant alleles show no,
or very weak, CNS 1D4+ longitudinal tract phenotypes (Winberg
et al., 1998a; Zlatic et al., 2009). To address the involvement of
Sema-2a in CNS development, we made a Sema-2a null allele
by generating an FRT-derived genomic deletion called Sema-
2aB65 (see Figure S2A for details). Sema-2aB65 null mutant
embryos do show pronounced CNS 1D4-i tract defasciculation
defects (Figure 2C); however, the phenotypes are less severe
than those observed in PlexB/ mutants (Figures 2B and 2I).
Therefore, there must be at least one additional PlexB ligand
that functions to organize CNS longitudinal projections.
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Figure 1. PlexB Is Required for the Organization of Select CNS Longitudinal Connectives and Chordotonal Sensory Afferent Innervation
within the Embryonic Drosophila CNS
(A–D) In wild-type late stage 16 Drosophila embryos lateral chordotonal (ch) neurons extend axons toward the ventral nerve cord (VNC) along the intersegmental
nerve (ISN) pathway. Embryos were stained with 1D4 (magenta) and anti-GFP (green), and then filleted from the dorsal side to generate a flat-mount preparation
(anterior is to the left, arrowheads mark the CNS ventral midline). 1D4 staining reveals all peripheral motor axon projections and three longitudinally projecting
CNS axon tracts (l, lateral; i, intermediate; m,medial) on both sides of the VNC. The iav-GAL4 driver directsUAS:syt-GFP expression in ch sensory neurons, which
preferentially label terminal branches in their afferent innervations to the CNS. The CNS regions boxed in (A) are shown at higher magnification in (B–D). Wild-type
ch sensory axons target their terminal branches to a region close to the 1D4-i tract. Scale bar represents 30 mm for (A); 10 mm for (B)–(D).
(E–H) In PlexB/ mutant embryos, ch axons project normally in the periphery along the ISN pathway to the CNS. However, within the CNS the 1D4-i tract is
disorganized (empty arrowheads in F), and ch axons fail to elaborate their characteristic regular and continuous CNS innervation pattern (arrows in H). The CNS
regions boxed in (E) are shown at higher magnification in (F–H). Scale bar represents 30 mm for (E); 10 mm for (F)–(H). See also Figure S1.
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phorin Sema-2b is the best candidate PlexB ligand. Sema-5c is
not expressed in the CNS during the embryonic development(Khare et al., 2000), and Sema-1a and Sema-1b bind to PlexA
but not to PlexB (Ayoob et al., 2006; Winberg et al., 1998b).
The Sema-2b protein is most closely related to Sema-2a,Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc. 283
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Figure 2. SecretedSemaphorinsSema-2aandSema-2bAreBothPlexBLigandsandAreRequired forSelectCNSLongitudinalTractFormation
(A–H) Dorsal views of the late stage 16 embryonic CNS in different genetic backgrounds, all labeled with the 1D4 mAb. Solid arrowheads indicate regular,
continuous 1D4+ CNS longitudinal tracts; empty arrowheads indicate disorganized and defasciculated 1D4+ tracts. Scale bar represents 10 mm (A–H).
(I) Quantification of the 1D4-i defects. Percentages of disorganized hemisegments are shown, with the total number (n) of hemisegments scored in parentheses
(see Experimental Procedures for detailed scoring methods).
(J–M) Alkaline phosphatase (AP)-tagged ligands were applied to wild-type and PlexB/ live-dissected embryonic ventral nerve cords (VNCs). Scale bar
represents 12 mm (J–M).
(N) Comparison of AP-ligand embryonic VNC binding intensities (all normalized to Sema-2b-AP binding to wild-type VNC). Error bars indicate standard deviation.
See also Figure S2.
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Semaphorin Code Instructs Sensory Circuit Assemblyexhibiting 68% amino acid sequence identity. To analyze Sema-
2b function, we made a Sema-2b null mutant by generating an
FRT-derived genomicdeletion calledSema-2bC4 (seeFigureS2A284 Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc.for details). Sema-2bC4 null mutant embryos show pronounced
disorganization and defasciculation defects in the 1D4-i tract
(Figure 2D), suggesting that Sema-2b also serves as a PlexB
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CNS phenotypes observed in Sema-2bC4 null mutants are also
not as severe as those observed in the PlexB/mutant (Figures
2B and 2I). To ask whether both Sema-2a and Sema-2b
are required for PlexB-mediated functions, we generated a
Sema-2a, Sema-2b double null allele called Sema-2abA15 (see
Figure S2A for details). Sema-2abA15 homozygous mutant
embryos fully recapitulate the phenotypes observed in
PlexB/ mutants regarding defects in the 1D4-i tract (Figures
2F and 2I). We also analyzed Sema-2bC4;PlexB double null
mutant embryos (Figure 2G) and Sema-2abA15;PlexB double
null mutant embryos (that are null for Sema2a, Sema2b, and
PlexB) (Figure 2H); both genotypes exhibit 1D4-i defects iden-
tical to those observed in PlexB/ single mutants and Sema-
2abA15 homozygous mutants with equal penetrance (Figure 2I),
indicating that both Sema-2a and Sema-2b function in the
same genetic pathway as PlexB. Interestingly, Sema-2aB65/+,
Sema-2bC4/+ trans-heterozygous mutant embryos exhibit a
much lower penetrance of CNS longitudinal connective defects
than embryos of either single mutant (Figures 2E and 2I), sug-
gesting that Sema-2a and Sema-2b functions are distinct and
contribute to different aspects of intermediate longitudinal
connection formation.
To complement our genetic analyses we next performed alka-
line phosphatase (AP)-tagged ligand binding assays on live
dissected embryos (Fox and Zinn, 2005). We first confirmed that
AP alone does not bind to the CNS of dissected Drosophila
embryos in our assay (data not shown). We then observed that
Sema-2a-AP and Sema-2b-AP both bound to endogenous CNS
receptors in dissected wild-type embryos (Figures 2J and 2L),
but not to endogenous CNS receptors in PlexB/ mutants
(Figures 2K and 2M). Compared to Sema-2a-AP, Sema-2b-AP
bound more robustly to endogenous CNS receptors (Figure 2N).
We also expressed PlexB in a Drosophila S2R+ cell line and
observed that Sema-2b-AP bound strongly to these cells but
not to PlexA-expressing S2R+ cells (Figures S2G and S2D), as
observed previously for Sema-2a (Ayoob et al., 2006) (Figures
S2B–S2F). These ligand-receptor binding specificities correlate
well with the functions of these proteins in CNS longitudinal track
formation.PlexB/ andPlexA/mutant embryos exhibit distinct
CNS longitudinal tract defects (Ayoob et al., 2006; Winberg et al.,
1998b), and Sema-1a/ mutants have defects similar to those
observed in PlexA/, but not PlexB/, mutants (Yu et al., 1998)
(Figures S2H and S2I). In addition, we observed that Sema-1a,
Sema-2b double null mutants and Sema-1a;PlexB double null
mutants both show disorganization of the 1D4-l and 1D4-m tracts
(Figures S2J and S2K), further supporting the idea that Sema-1a-
PlexA and Sema-2b-PlexB signaling direct distinct aspects of
embryonic longitudinal tract formation. Taken together, these
results show that Sema-2a and Sema-2b signaling through the
PlexB receptor accounts for most, if not all, PlexB functions in
embryonic CNS intermediate longitudinal tract formation.
Sema-2b Protein Is Expressed along Specific CNS
Longitudinal Connectives and Functions to Promote
Select Longitudinal Connective Assembly
We next assessed Sema-2b protein distribution in Drosophila
embryos using a polyclonal antibody specific for Sema-2b(L.B.S., Y. Chou, Z.W., T. Komiyama, C.J. Potter, A.L.K., K.C.
Garcia, and L.L., unpublished data). Sema-2b is weakly ex-
pressed on CNS commissures and more robustly on two longi-
tudinal pathways (Figure 3B). Sema-2b expression is strong
along the 1D4-i tract, and also is localized on a more medial
pathway that lies directly adjacent to the 1D4-m tract (Figure 3C).
Sema-2b protein is completely absent in Sema-2bC4 null mutant
embryos (Figure 3D).
To better define Sema-2b CNS expression, we labeled
Sema-2b-expressing neurons and their processes using a
genomic fragment containing 35 kb of DNA upstream of the
Sema-2b protein coding region to construct a Sema-2b reporter
(2bL-tGFP; Figure 3A). The 2bL-tGFP reporter labels two distinct
longitudinal axon tracts, recapitulating the staining pattern for
endogenous Sema-2b expression, and the outer of these two
GFP+ tracts occupies the same lateral position as the 1D4-i
connectives (Figures 3E and 3F). Sema-2b, a secreted protein,
is most likely released from these 2bL-tGFP pathways. There-
fore, the correct formation of these 2bL-tGFP longitudinal path-
ways is likely to be required for normal Sema-2b expression and,
perhaps, subsequent fasciculation and organization of the 1D4-i
axons. To determine if these Sema-2b-expressing pathways
themselves require Sema-2b for their assembly, we first exam-
ined the 2bL-tGFP pathways in the Sema-2bC4 null mutant. We
found that the outer 2bL-tGFP pathway appeared disorganized
in the absence of Sema-2b, whereas the medial 2bL-tGFP
pathway appeared to remain largely intact (Figure 3G), suggest-
ing that Sema-2b functions in a cell-type autonomous manner
to promote the fasciculation of Sema-2b-expressing longitudinal
axons in the intermediate region. However, given the difficulty in
discerning the integrity of these Sema-2b-expressing 2bL-tGFP
pathways, we used the more selective Sema2b-tMyc (2b-tMyc)
reporter. This reporter labels only a subset of the Sema-2b-ex-
pressing neurons in the CNS (Rajagopalan et al., 2000), and
we observed that these neurons normally express very high
levels of Sema-2b (Figures S3A–S3C). In wild-type embryos,
neurons labeled by the 2b-tMyc reporter line extend their axons
across the midline along the anterior commissure and then turn
anteriorly, subsequently fasciculating with 2b-tMyc axons in the
next anterior segment and thereby forming a continuous longitu-
dinal connective (Figure 3H). During neural development, the
2b-tMyc–labeled longitudinal tract is formed before the 1D4-i
fascicle, which subsequently forms directly adjacent to it (Fig-
ure 3I and Figures S3D–S3L). In Sema-2bC4 null mutants, the
number and cell body position of 2b-tMyc neurons remains
unchanged and their axons project normally across the CNS
midline, turning anteriorly in their normal lateral position.
However, they then often wander off their correct path and fail
to fasciculate with 2b-tMyc axons in the next anterior segment,
resulting in an aberrant 2b-tMyc longitudinal axon tract (Fig-
ure 3J). Some Sema-2bC4 mutant axons (0.73 per embryo)
exhibit shifting of their anterior projections to amoremedial posi-
tion (medial detour), however a greater fraction of misdirected
Sema-2bC4 axons (2.54 per embryo) shift laterally (lateral
detour). Some 2b-tMyc axons (0.61 per embryo) turn and
exit laterally from the anterior pathway in Sema-2bC4 mutant
(lateral exit) (Figure 3J; see quantification below). These pheno-
types are never observed in wild-type embryos. These resultsNeuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc. 285
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Figure 3. Sema-2b Protein Is Expressed Along Specific CNS Longitudinal Connectives and Functions to Promote the Assembly of Select
Longitudinal Connectives
(A) The Sema-2b locus. The blue line represents the genomic region used to construct Sema-2b BAC transgenes (DNA containing the Menl-1/2 genes was
removed; also see Figure S2A). The solid green line covers the promoter region used to construct the Sema-2b reporter, 2bL-tGFP; the dashed green line
represents the Sema-2b promoter fragment used to make the 2b-tMyc (Sema2b-tMyc) reporter (Rajagopalan et al., 2000).
(B–J) CNS in stage 15/16 embryos of wild-type (B, C, E, F, H, and I) or Sema-2bC4 null mutants (D, G, and J). (B–D) Sema-2b IHC using a rabbit polyclonal
antibody. (E–G) The 2bL-tGFP reporter labels Sema-2b-expressing neurons and their axonal trajectories. (H–J) The 2b-tMyc reporter labels a subset of
Sema-2b-expressing neurons. The axonal projection of one representative 2b-tMyc neuron is schematically depicted in green (H). (C, F, and I) 1D4+ tracts are
Neuron
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for 2b-tMyc longitudinal pathway formation. Importantly, the
formation of 2b-tMyc pathway does not depend on Sema-1a
or PlexA (Figures S3M and S3N).
We next restored Sema-2b expression in the Sema-2bC4 null
mutant using a BAC transgene that covers only the Sema-2b
genomic region (however, with the Menl-1/2 genes removed;
see Figure S2 for details). This 60 kb BAC transgene (BAC:
Sema-2b) fully rescues the Sema-2bC4 longitudinal connective
defects, including those in both the 2b-tMyc+ pathway and the
1D4-i tract (Figures 3K and 3M; see quantification below). To
assess how secreted Sema-2b promotes the fasciculation and
organization of Sema-2b-expressing longitudinal axons and
also the 1D4-i tract, we conducted a similar rescue experiment
using a modified BAC transgene (BAC:Sema-2b) that
expresses a membrane-tethered Sema-2b otherwise identical
to BAC:Sema-2b. The BAC:Sema-2b transgene also rescues
most of the Sema-2bC4 null mutant phenotypes seen in both
the 2b-tMyc+ and the 1D4-i tracts (Figures 3L and 3N; see quan-
tification below). We find that a small fraction (1 axon per
embryo) of the 2b-tMyc axons are still diverted laterally in this
BAC:Sema-2b rescue, however unlike in the Sema-2bC4 null
mutant, these pathways often rejoin 2b-tMyc axons in the next
anterior segment (Figure 3L, empty arrowhead). Therefore,
expression of secreted Sema-2b serves to facilitate 2b-tMyc
axon fasciculation, and because a transmembrane Sema-2b
also can function in this capacity, these results strongly suggest
that Sema-2b functions at short-range as an axonally delivered
guidance cue, mediating axon-axon recognition and fascicula-
tion during Drosophila embryonic CNS development.
Sema-2a Is Broadly Distributed in the Embryonic CNS
and Unlike Sema2b Functions as a Repellent
to Position Longitudinal Tracts
Using mAb 19C2, which specifically recognizes Sema-2a (Bates
and Whitington, 2007), we found that Sema-2a is concentrated
along ventral midline structures and commissures during neural
development, exhibits lower expression levels toward the lateral
regions of the CNS and is diffusely distributed along the region of
the CNS longitudinal tracts (Figure 4A). 19C2 staining is absent
in Sema-2aB65 null mutant embryos (Figure 4B). The 2b-tMyc
axons cross the CNS midline along the anterior boundary of
the anterior commissure and then form their longitudinal connec-
tive in a lateral CNS region where relatively lower levels of
Sema-2a are found (Figure 4C). In Sema-2aB65 null mutant
embryos, the 2b-tMyc+ axons still remain tightly fasciculated
with one another and form their characteristic continuous longi-
tudinal pathway. However, some 2b-tMyc axons (0.67 per
embryo) detour medially, sometimes extending to the CNS
midline and crossing over to the contralateral side (0.3 per
embryo): phenotypes never observed in wild-type embryos
(Figure 4D; see quantification below). These inappropriate
projections are located in regions where Sema-2a is normallyalso labeled with anti-Sema-2b. Solid arrowheads indicate regular projection pa
16 mm (B–L).
(K–N) Sema-2b BAC transgenes rescue the longitudinal pathway defects observ
(O) Schematic depiction of Sema-2b-mediated 2b-tMyc pathway and 1D4-i trachighly expressed in wild-type embryos. We restored Sema-2a
expression in the Sema-2aB65 null mutant using a 36Kb BAC
transgene covering the entire Sema-2a genomic region (BAC:
Sema-2a), resulting in full rescue of all CNS defects observed
in both the 2b-tMyc pathway and 1D4+ tracts (Figures 4E and
4F). Consistent with previous studies (Zlatic et al., 2009), our
results suggest that Sema-2a serves as a repulsive cue to
constrain axons within select regions of the CNS.
Sema-2a and Sema-2b proteins share 68% amino-acid
identity, however our results suggest that they mediate distinct
functions. To directly assess differences in how these closely
related ligands guide axons, we performed two gain-of-function
(GOF) experiments. We first asked whether Sema-2a and
Sema-2b mediate distinct functions in CNS longitudinal tract
formation. We engineered two different BAC constructs using
the same portion of the Sema-2b promoter (Figure 3A), and we
expressed either Sema-2a (BAC:2bL-Sema-2a) or Sema-2b
(BAC:2bL-Sema-2b) in the Sema-2bC4 genetic background.
The BAC:2bL-Sema2b transgene fully rescued the Sema-2bC4
mutant phenotypes, (Figures 4G and 4H). In contrast, the
BAC:2bL-Sema2a transgene failed to rescue the guidance
defects observed in the Sema-2bC4 mutants. Interestingly, the
BAC:2bL-Sema2a transgene did result in the appearance of
more severe defects in 2b-tMyc pathway. These mostly include
individual defasciculated 2b-tMyc+ axons that project laterally
toward the margins of the CNS (Figure 4I; see quantification
below). The 1D4-i tract was also severely disrupted and multiple
ectopic crossings of the midline by 1D4+ axons were observed
in 90% of the segments after Sema-2a expression in the
Sema-2b expressing neurons (Figure 4J; 45 of 50 segments
scored), a phenotype never observed in Sema-2bC4 mutants or
the corresponding BAC:2bL-Sema2b rescue experiments.
These results show that Sema-2a and Sema-2b can mediate
distinct guidance functions in the same neuronal pathways.
We next askedwhether or not Sema-2a and Sema-2b can also
mediate distinct guidance functions in other parts of the nervous
system. Drosophila embryonic motor pathways labeled by 1D4
show stereotypic projection patterns and innervate distinct
peripheral muscles (Figures S4A, S4B, and S4E) (Bate and
Broadie, 1995), providing a simple yet robust system to study
guidance cue functions (Vactor et al., 1993). Using the 5053A-
GAL4 line (Ritzenthaler et al., 2000), transmembrane versions of
Sema-2a or Sema-2b were ectopically expressed solely on
peripheral muscle-12 in developing embryos (Figure S4C).
Sema-2a GOF in muscle-12 led to a loss of normal ISNb RP5
innervation in 50% of hemisegments examined (Figure 4K,
empty arrowheads, and Figures S4D and S4E), consistent with
the known repulsive effects of Sema-2a on embryonic motor
neurons (Ayoob et al., 2006; Carrillo et al., 2010; Matthes et al.,
1995; Winberg et al., 1998a), whereas Sema-2b GOF in
muscle-12 had no affect on ISNb RP5 formation (Figure 4L,
arrowheads and Figure S4D). However, Sema-2b overexpres-
sion in peripheral muscle-12 did have a pronounced effect on thetterns; empty arrowheads indicate disorganized tracts. Scale bar represents
ed in Sema-2bC4 mutants. Scale bar represents 10 mm (M, N).
t assembly. See also Figure S3.
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Figure 4. Sema-2a Is Broadly Distributed in the Embryonic CNS and, Unlike Sema2b, Functions as an Axonal Repellent to Position
Longitudinal Tracts
(A) Wild-type embryos stained with the anti-Sema-2a mAb 19C2. Sema-2a protein is distributed along the CNS midline, commissural axons, and more diffusely
along longitudinal tracts (arrowheads).
(B) Sema-2a protein is undetectable in Sema-2aB65 null mutant embryos.
(C) 2b-tMyc axons navigate along CNS regions that contain lower Sema-2a expression levels (arrowheads).
(D) In Sema-2aB65 mutant embryos, 2b-tMyc axons often detour medially (arrows), sometimes crossing the CNS midline (empty arrowhead, see Figure 5H for
quantification).
(E and F) The BAC:Sema-2a transgene, which includes the Sema-2a genomic region, fully rescues 2b-tMyc pathway defects (E) and 1D4-i tract formation (F) in
Sema-2aB65 null mutants.
(G–J) Sema-2a and Sema-2b function differently when expressed under the control of the Sema-2bL promoter. (K and L) Sema-2a repels, whereas Sema-2b
attracts, motor neuron axons when overexpressed on peripheral muscle-12 (dashed lines: dorsal and ventral boundaries of muscle 12). Scale bar in (A)
represents: 16 mm (A–J); 20 mm (K–L). See also Figure S4.
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Semaphorin Code Instructs Sensory Circuit Assemblylateral branches of the SNa pathway, which were observed to
retain ectopic contact with muscle-12 in 30% of hemiseg-
ments, a phenotype never observed in wild-type embryos (Fig-
ure 4L, arrows, and Figures S4D and S4E). Overexpression of
Sema-2a from the same muscle had no effect on SNa motor
axons (Figure 4K, arrows, and Figure S4D), further demonstrating
that Sema-2a and Sema-2bmediate distinct guidance functions.
Taken together, these GOF experiments demonstrate that
Sema-2a and Sema-2b function differently in both CNS longitu-288 Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc.dinal connectives and motor axons: Sema-2b functions to pro-
mote axonal attraction, whereas Sema-2a functions as a
repellent.
Neuronal Cell-Type Autonomous Requirements
for PlexB in Longitudinal Tract and Sensory
Afferent Targeting in the CNS
To understand how PlexB mediates secreted semaphorin
signaling during CNS development, we first examined its
Neuron
Semaphorin Code Instructs Sensory Circuit Assemblyrequirement for 2b-tMyc pathway formation. In PlexB/mutant
embryos the 2b-tMyc pathway formation is severely disrupted;
2b-tMyc longitudinally projecting axons are often defascicu-
lated, and individual axons are diverted both medially and
laterally (Figures 5A and 5H). This phenotype is a combination
of both the Sema-2a/ and Sema-2b/ mutant phenotypes
(Figures 5G and 5H). Using the elav-GAL4 driver to express
PlexB in all neurons in the PlexB/ mutant, we observed full
rescue of the 2b-tMyc pathway (Figure 5B) and also full rescue,
as previously reported (Ayoob et al., 2006), of the adjacent 1D4-i
tract (Figure 5C). These data further support PlexB functioning to
integrate both Sema-2a-mediated repulsion and Sema-2b-
mediated attraction, resulting in proper organization of select
CNS longitudinal tracts.
PlexB is enriched in the intermediate and lateral regions of
the CNS scaffold (Figures S5A–S5C). To determine in which
neurons PlexB functions, we next assessed the requirement
for PlexB in distinct neuronal populations. In a wild-type back-
ground, pan-neuronal overexpression, using the elav-GAL4
driver of a modified PlexB receptor lacking its cytoplasmic
domain (PlexBEcTM) leads to the disorganization of both the
2b-tMyc pathway and the 1D4-i tract (Figure 5D), phenocopying
the PlexB/ null mutant and showing that PlexBEcTM functions
as a dominant-negative receptor. The MP1 neurons, which can
be genetically labeled by the sim-GAL4 driver (Hulsmeier et al.,
2007), serve as pioneer axons for the 1D4-i tract (Figures S5D–
S5F) (Hidalgo and Brand, 1997). The MP1 longitudinal pathway
resides in the same intermediate region as the 2b-tMyc pathway
and lies directly adjacent to it (Figures S5G–S5I). Expressing
PlexBEcTM selectively in these neurons disrupts 1D4-i tract
formation; however, the 2b-tMyc pathway remains intact (Fig-
ure 5E and Figures S5J–S5L). A similar neuronal cell-type
autonomous requirement for PlexB was apparent after
PlexBEcTM overexpression solely in ch neurons under control of
the iav-Gal4 driver. We observed disruption of ch axon targeting
within the CNS similar to what we observe in PlexB/ mutants
(Figure 5F) even though CNS longitudinal pathways in iav-GAL4,
UAS: PlexBEcTM embryos remain intact. Importantly, overex-
pression of full length PlexB using the same iav-GAL4 driver
leads to no such phenotype in ch afferent targeting (data not
shown). These results indicate that PlexB function is autono-
mously required in both central and peripheral neurons for
correct patterning of their projections within the intermediate
domain of the neuropile, presumably through recognition and
integration of both Sema-2b attraction and Sema-2a repulsion.
By directing the projections of both sensory afferents and CNS
interneurons to the same narrow region of the neuropile, PlexB
allows for correct synaptic connections and circuit formation
between ch axons and their CNS postsynaptic partners.
Ch Sensory Afferent Targeting within the CNS Requires
Secreted Semaphorins
To determine how Sema-2a and Sema-2b directly regulate
PlexB-mediated CNS targeting of ch sensory afferents, we
analyzed ch CNS targeting in Sema-2a/, Sema-2b/, and
Sema-2a/,Sema-2b/ double null mutant embryos. In
Sema-2aB65 null mutant embryos, ch axon terminals within the
CNS still exhibit longitudinally continuous branches along thelateral extent of the 1D4-i tract; in addition, some ch axons
display ectopic projections medially (Figures 6A–6C, 6J, and
6K; quantification in Figures S6A–S6F). In the Sema-2bC4 null
mutants, however, ch axons fail to elaborate their characteristic
morphology within the CNS, most often terminating in a position
that is lateral to the location where the 1D4-i connective normally
forms and failing to form a continuous longitudinal branch
between segments (Figures 6D–6F, 6J, and 6K; quantification
in Figures S6A–S6F). In Sema-2abA15 double null mutants, ch
axons project within the CNS in a zone that includes the interme-
diate longitudinal region; however, terminal branches are
completely disorganized (Figures 6G–6K; quantification in
Figures S6A–S6F), exhibiting both ectopic lateral and medial
projections as they do in PlexB/ mutants (Figures 1H and
6J). These results support PlexB-Sema-2b signaling acting to
attract extending axons to the intermediate longitudinal region
of the neuropile, whereas Sema-2a acts as a repellent; both
ligands utilize the same receptor and act in concert to ensure
the accurate assembly of sensory afferents with correct CNS
connectives (Figure 6L).
Normal Larval Responses to Vibration Require Precise
ch Sensory Afferent Targeting within the CNS
Our genetic analyses show that PlexB-Sema-2b signaling is
critical for correct ch afferent innervation and CNS interneuron
projections within the same intermediate region of the embryonic
CNS. Termination of sensory afferents and their putative post-
synaptic partners within the same narrow region of the neuropile
may be necessary for proper synaptic connection and circuit
assembly. Therefore, we next asked whether functional conse-
quences result from the neuronal wiring defects we observe
following disruption of Sema-2b-PlexB signaling.
Ch neurons in the Drosophila adult have been implicated as
mechanosensory transducers for acoustic signals (Eberl,
1999), and also are presumed to be involved in larval propriosen-
sation and mechanosensation (Caldwell et al., 2003). To assess
larval ch sensory neuron functions in a high throughput manner,
we developed an assay for larval vibration sensation. Approxi-
mately 100 larvae were placed on a large agar-filled dish located
above a loud speaker. We used the Multi-Worm Tracker (MWT)
software (http://sourceforge.net) (Swierczek N., Giles A., Rankin
C. and Kerr R., unpublished data) to automatically deliver
vibration stimuli with the speaker while tracking the entire larval
population on the dish. Prior to the onset of vibration larvae
engage in normal foraging behavior, mostly crawling straight
and occasionally making turns. We found that vibration induces
a stopping response, followed by head turning (Figures 7A and
7A0; Movies S1 and S2). Larval head turning in response to vibra-
tion is highly reproducible and readily quantifiable using the
MWT software (Figures 7B and 7E). This ‘‘startle’’ reaction to
mechanical stimuli may allow the larva to sample its environment
and change crawling direction following detection of potentially
harmful stimuli.
We found that atonal (ato1) mutant larvae, which lack ch
neurons (Jarman et al., 1993), do not exhibit a normal response
to vibration. Upon stimulation, they show a small decrease in
crawling speed (data not shown) with no head turning (Figures
7C and 7E). We inhibited synaptic transmission in ch neuronsNeuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc. 289
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Figure 5. Neuronal PlexB Mediates the Organization of Both CNS Longitudinal Connectives and ch Sensory Afferent CNS Projections
(A) The 2b-tMyc longitudinal projecting axons are defasciculated, and they often detour laterally and cross the CNS midline in PlexB/mutant embryos (empty
arrowheads). Scale bar in (A) represents 10 mm (A–F).
(B and C) elav-GAL4 pan-neuronal expression of full-length PlexB fully rescues formation of the 2b-tMyc+ pathway (B) and 1D4-m longitudinal tract (C) in
PlexB/ mutants.
(D–F) Disruption of endogenous PlexB signaling in different neuronal pathways. (D) Both 2b-tMyc and 1D4-m pathways are disorganized and defasciculated
when PlexBEcTM is expressed under the pan-neuronal driver elav-GAL4. (E) The 1D4-m connective, but not the 2b-tMyc pathway, is disrupted when PlexBEcTM is
expressed inMP1 neurons using the sim-GAL4 driver (see also Figure S5J). (F)UAS:PlexBEcTM expression in ch axons using the iav-GAL4 driver abolishes normal
CNS targeting of ch axons and phenocopies defects observed in PlexB/ mutants.
Neuron
Semaphorin Code Instructs Sensory Circuit Assembly
290 Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc.
Neuron
Semaphorin Code Instructs Sensory Circuit Assemblyby combining the iav-GAL4 with UAS-TNT (tetanus toxin) and
found that iav-TNT larvae, which have inactivated ch neurons,
do not show significant increases in head turning in response
to vibration as compared to control larvae that express GFP
(iav-GFP) in ch neurons (Figures S7A, S7B, and S7D). Therefore,
ch neurons are a major class of larval sensory neurons involved
in sensing vibration, and their proper synaptic input to the CNS is
required for inducing normal head turning behavior in response
to vibration.
In Sema-2bC4 mutant larvae we also observed an abnormal
response to vibration. Sema-2bC4 mutant larvae do reduce their
speed significantly in response to vibration (data not shown),
however they show no head turning (Figures 7D and 7E), similar
to the vibration responses observed in ato1mutant larvae. These
results suggest that defective larval vibration responses
observed in the absence of Sema-2b result from ch neurons
being unable to establish appropriate sensory afferent connec-
tivity within the CNS (Figure 6F).
The behavioral deficits observed in Sema-2bC4 null mutant
larvae could also be contributed by requirements for Sema-2b-
PlexB signaling in other neuronal populations that are part of
the circuitry essential for vibration responses. Therefore, we
genetically manipulated PlexB signaling solely in ch neurons.
As shown above (Figure 5F), expressing a dominant-negative
PlexB receptor selectively in ch neurons (iav-PlexBEcTM) severely
disrupts CNS targeting of ch sensory afferents. We found that
the response to vibration in iav-PlexBEcTM larvae is severely
compromised as compared to control larvae that express GFP
(iav-GFP) in ch neurons (Figure 7E, see trace in Figure S7C),
similar to the head-turning deficit we observe in ato1, iav-TNT,
and Sema-2bC4 mutant larvae. This indicates that the proper
targeting of ch afferent innervation in CNS is indeed important
for normal larval vibration behavior. Therefore, PlexB-mediated
signaling regulates normal targeting and elaboration both of ch
afferent synaptic input and interneuron connective assembly in
the same target area, thereby ensuring correct assembly of
circuitry involved in processing ch sensory information and
generating appropriate responses to vibration.
DISCUSSION
A Semaphorin-Plexin Code Functions Together with
the Slit-Robo Code to Assemble CNS Neural Circuits
The establishment of CNS longitudinal tracts in Drosophila
occurs sequentially, from medial to lateral, through a series of
distinct guidance events. These include extension of processes
that pioneer these trajectories, and subsequent fasciculation
and defasciculation events that allow additional processes to
join these pathways, cross segment boundaries, and establish
connectives that span the rostrocaudal axis of the embryonic
CNS (Hidalgo and Booth, 2000). During this process, a repulsive
Slit gradient acts over a long range to establish three distinct
lateral regions for longitudinally projecting axons, the choice of
which is determined by differential expression of Robo receptors(G) Summary of 2b-tMyc pathway phenotypes in the genetic backgrounds asses
(i) lateral exit; (ii) lateral detour; (iii) medial detour; and (iv) midline crossing.
(H) Quantification of the number of 2b-tMyc defects/embryo in all genotypes ex(Dickson and Zou, 2010). Once they settle within an appropriate
lateral region, individual axons that are part of the same bundle
must then adhere to one another and remain fasciculated. We
find that Sema-2b signals through PlexB to accomplish this
task for longitudinal connectives in the intermediate region.
Interestingly, this Sema-2b-PlexB-mediated organization is
inherently connected to Silt-Robo-mediated patterning. The
lateral position of intermediate longitudinal processes, including
the 2b-tMyc pathway, is initially determined by Robo3-mediated
signaling (Evans and Bashaw, 2010; Rajagopalan et al., 2000;
Simpson et al., 2000; Spitzweck et al., 2010). Therefore where
Sema-2b is expressed reflects lateral positional information
derived from the Robo code. Then, this lateral information is
further conveyed by the continuous Sema-2b expression over
the entire anterior/posterior axis, mediating local organization
of both CNS interneurons and sensory afferent projections
through the PlexB receptor. When PlexB signaling is disrupted,
2b-tMyc axons still project across the CNS midline and turn
rostrally at the appropriate medial-to-lateral position; however,
they subsequently wander both medially and laterally, often
crossing the medio-lateral regional boundaries set by the Robo
code (Figure 5G). Therefore, PlexB-mediated Sema-2b signaling
solidifies specific projection positioning originally established by
the Robo code. Together, these two distinct Robo and plexin
guidance cue signaling modules function in a sequential and
complementary fashion to specify both long range medial-to-
lateral positioning (Robo) and short-range local fasciculation
(PlexB). PlexA, the other Drosophila plexin receptor, and its
ligand Sema-1a are specifically required for the proper formation
of the 1D4-l pathway (Winberg et al., 1998b; Yu et al., 1998).
However, Sema-1a does not show restricted expression within
the medio-lateral axis of the nerve cord analogous to that
observed for Sema-2b (Yu et al., 1998), suggesting a different
mechanism may underlie Sema-1a–PlexA regulation of fascicu-
lation in the most lateral CNS longitudinal region.
Following medio-lateral specification by Slit-Robo signaling
and general organization of longitudinal regions by Sema-plexin
signaling, additional cues are likely to mediate local interactions
among neural processes already restricted to defined regions in
the neuropile. Several cell surface proteins may serve such func-
tions; for example, the cell adhesion molecule (CAM) connectin,
like Sema-2b, shows exquisitely restricted expression along a
subset of longitudinal projections (Nose et al., 1992). More
widely expressed CAMs also play important roles in maintaining
the fasciculated state of longitudinally projecting processes that
are part of the same connective; indeed, in the absence of the
Drosophila Ig super family member FasII, axons that contribute
to the MP1 pathway show reduced association when examined
at high resolution (Lin et al., 1994). Therefore, an ensemble of
short-range cues expressed in distinct subsets of longitudinally
projecting neurons allows for individual pathways to be estab-
lished following more global restriction to appropriate locations,
and as we demonstrate here, this process is critical for the neural
circuit function. It seems likely that similar mechanisms underliesed in this study. 2b-tMyc pathway defects were binned into four categories:
amined (null mutants indicated in bold). See also Figure S5.
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Figure 6. Sema-2a and Sema-2b Cooperate to Ensure Correct Targeting of ch Sensory Afferent Projections within the CNS
(A–I) Ch axon CNS projections revealed using the iav-GAL4/UAS:syt-GFPmarker in late stage-16 Sema-2aB65mutant embryos (A–C), Sema-2bC4mutants (D–F),
or Sema-2a/Sema-2b double mutants (G–I). Scale bar in (A) represents 10 mm (A–I); 3.5 mm (J).
(J) Optical cross-sections through the CNS of different genetic backgrounds provide a coronal view of both ch afferent projections and 1D4+ longitudinal
connectives.
(K) Quantification of ch afferent targeting phenotypes in different genetic backgrounds. 1D4 and GFP signal profiles were plotted along the medial-to-lateral axis
(see Experimental Procedures for quantification methods and Figure S6 for additional quantification).
(L) Schematic showing PlexB integration of both Sema-2a repulsion and Sema-2b attraction to promote the assembly of CNS longitudinal tracts and ch sensory
afferent targeting within the CNS. See also Figure S6.
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Semaphorin Code Instructs Sensory Circuit Assemblythe segregation of complex trajectories, the establishment of
laminar organization, and the formation of discrete neural
maps in other regions of invertebrate and vertebrate nervous
systems (Matsuoka et al., 2011; Sanes and Yamagata, 2009).292 Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc.Plexin B Mediates Both Sema-2b Attraction
and Sema-2a Repulsion
Our analyses allow for a comparison between the effects of the
secreted semaphorins Sema-2a and Sema-2b on both CNS
Neuron
Semaphorin Code Instructs Sensory Circuit Assemblyinterneuron trajectories and sensory afferent targeting within the
CNS. We observed in both LOF and GOF genetic paradigms
that Sema-2a acts as a repellent, consistent with previous
observations (Ayoob et al., 2006; Bates and Whitington, 2007;
Carrillo et al., 2010; Matthes et al., 1995; Winberg et al., 1998a;
Zlatic et al., 2009). Sema-2b, in contrast, serves an opposite
guidance function and promotes neurite fasciculation. The highly
restricted expression of Sema-2b within the intermediate
domain of the nerve cord serves to assemble select longitudinal
tracts and ch sensory afferents in this region, strongly suggest-
ing that Sema-2b functions as a local attractive cue to define
a specific CNS subregion and influence the organization of
specific circuits.
Although both Sema-2b and Sema-2a signal through the same
receptor, PlexB, they appear to do so independently. In the
absence of Sema-2a, Sema-2b is still required for fasciculation
and organization of the 2b-tMyc and 1D4-i tracks, and also for
correct ch afferent innervation in the intermediate region of the
nerve cord. In the absence of Sema-2b, Sema-2a expression
alone results in potent repellent effects within the CNS for both
the 2b-tMyc pathway and ch sensory afferent targeting. The
distinct attractive and repulsive functions of Sema-2b and
Sema-2a, respectively, are further revealed by the different
phenotypes observed in GOF experiments. In the CNS of
Sema-2b/ mutant embryos, expression of Sema-2a under
the control of the Sema-2b promoter results in both 2b-tMyc
and 1D4+ tract defasciculation much more severe than what is
observed in the Sema-2b mutant alone; similar expression of
Sema-2b fully rescues the discontinuous and disorganized
Sema-2b/ longitudinal connective phenotypes. Moreover,
membrane-tethered Sema-2b is similarly capable of rescuing
the Sema-2b/ mutant phenotype, further supporting the idea
that Sema-2b is a short-range attractant. In the periphery, misex-
pression of transmembrane versions of both Sema-2b and
Sema-2a in a single body wall muscle demonstrates that
Sema-2b overexpression results in motor neuron attraction,
whereas Sema-2a in this same misexpression paradigm
functions as a motor axon repellent.
We also show that PlexB is the receptor that mediates both
Sema-2a and Sema-2b functions in the intermediate region of
the developing nerve cord. Only Sema-2a/, Sema-2b/
double null mutants, and not either single mutant, fully recapitu-
lates the PlexB/mutant phenotype, and ligand binding exper-
iments demonstrate that PlexB is the endogenous receptor for
both Sema-2a and Sema-2b in the embryonic nerve cord.
However, both ligands exert opposing guidance functions
despite sharing over 68% amino acid identity and also very
similar protein structures (R. Robinson, Z.W., A.K., and Y. Jones,
data not shown). In vertebrates, distinct plexin coreceptors often
bias the sign of semaphorin-mediated guidance events (Bellon
et al., 2010; reviewed by Mann et al., 2007). We find that the
Drosophila ortholog of Off-Track, a transmembrane protein
implicated in modulation of vertebrate and invertebrate plexin
signaling (Toyofuku et al., 2008; Winberg et al., 2001), apparently
does not function in the Drosophila PlexB-mediated guidance
events investigated here (data not shown). It will be important
to define the relevant differences between the Sema-2a and
Sema-2b proteins that are critical for affecting divergent PlexBsignaling, and whether or not unique ligand-receptor protein-
protein interactions result in differential PlexB activation of
signaling cascades with diametrically opposed effects on cyto-
skeletal components (Hu et al., 2001).
Semaphorin-Mediated Sensory Afferent Targeting
within the CNS
We find here that Sema-plexin signaling critical for specifying
a subset of intermediate longitudinal pathways is also utilized
to generate precise mapping of ch sensory input onto CNS
neurons. In Drosophila, different classes of sensory axons target
to distinct regions of the nerve cord neuropile (Merritt and
Whitington, 1995), and the same Robo code essential for posi-
tioning CNS axons also regulates the medio-lateral positioning
of sensory axons within the CNS (Zlatic et al., 2003; Zlatic
et al., 2009). In addition to slit-mediated repulsive effects on
sensory afferent targeting, Sema-1a and Sema-2a also restrict
the ventrally andmedially projecting afferents of the pain sensing
Class IV neurons within the most ventral and most medial
portions of the nerve cord neuropile (Zlatic et al., 2009). This is
reminiscent of recent observations in the mammalian spinal
cord showing that a localized source of secreted Sema3e directs
proprioceptive sensory input through plexin D1 signaling,
ensuring the specificity of sensory-motor circuitry in the spinal
cord through repellent signaling (Pecho-Vrieseling et al., 2009).
In addition, the transmembrane semaphorins Sema-6C and 6D
provide repulsive signals in the dorsal spinal cord that direct
appropriate proprioceptive sensory afferent central projections
(Yoshida et al., 2006). However, little is known about the identity
of cues that serve to promote selective association between
sensory afferents and their appropriate central targets in verte-
brates or invertebrates. We find that PlexB signaling guides ch
sensory terminals to their target region in the CNS through
Sema-2b-mediated attraction. Selective disruption of PlexB
function in ch neurons severely abolishes normal ch afferent
projection in the CNS. Using a high-throughput assay for quan-
tifying larval behavioral responses to vibration, we confirm
a role for ch sensory neurons in larval mechanosensation (Cald-
well et al., 2003). Using this assay we are also able to show that
precise ch afferent targeting is required for central processing of
vibration sensation and subsequent initiation of appropriate
behavioral output. At present, we do not know the precise post-
synaptic target of ch axons, though our analysis suggests the
Sema-2b+ neurons are good candidates. Combining vibration
response assays with visualization of activated constituents of
the ch vibration sensation circuit will allow for a comprehensive
determination of input and output following proprioceptive
sensation.
Common Molecular Mechanisms Underlying
Sequential Organization of Interneuron
and Sensory Afferent CNS Connectivity
The formation of a functional circuit relies on the precise
assembly of a series of pre- and postsynaptic components.
Robo3-mediated signaling is required both for the targeting of
ch axons and a subset of the longitudinally projecting interneu-
rons to the same broad intermediate domain of the neuropile
(Zlatic et al., 2003). We show here that PlexB-mediated signalingNeuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc. 293
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Semaphorin Code Instructs Sensory Circuit Assemblyis important for both the assembly of distinct longitudinal projec-
tions and also the targeting of ch sensory axon terminal arboriza-
tions within the same restricted subregion of the Robo3-defined
intermediate domain of the Drosophila embryonic nerve cord.
We find that the secreted semaphorin Sema-2b is a PlexB ligand
that plays a central role in both of these guidance events during
Drosophila neural development. Sema-2b-PlexB signaling
promotes selective fasciculation of the small population of
longitudinally projecting axons that express Sema-2b and also
immediately adjacent longitudinal projections in the intermediate
medio-lateral region of the development CNS. Sema-2b also
facilitates targeting of ch afferent terminals that subsequently
arrive and establish synaptic contacts in this intermediate region
of the developing nerve cord. Sema-2b-PlexB signaling ensures
the correct assembly of the circuit that processes ch sensory
information, and in its absence larval vibration responses are
dramatically compromised. Interestingly, the other PlexB ligand
within the CNS, Sema-2a, plays an opposing role to Sema-2b by
preventing aberrant targeting through repulsion; together, these
two secreted semaphorin ligands act in concert to assure
precise neural projection in the developing CNS. Therefore,
a combinatorial guidance code utilizes both repulsive and
attractive semaphorin cues to mediate the accurate connection
of distinct CNS structures and, ultimately, to ensure functional
neural circuit assembly.
EXPERIMENTAL PROCEDURES
Generation of Transgenes
From large Drosophila BAC clones (RPCI-98: BACPAC resource at CHORI,
see clone coordinates in Figure S2A), genomic fragments containing Sema-2b
(CG33960, FlyBase) or Sema-2a (CG4700) were retrieved by gap-repair into
the attB-P[acman]-ApR vector; constructs were then integrated into engi-
neered attP landing sites in Drosophila (Venken et al., 2006). For Sema-2b
promoter (2bL) BAC transgenes, a 35 Kb genomic fragment upstream from
the Sema-2b protein coding sequence was used to drive the expression of
tGFP, Sema-2a, or Sema-2b. The Sema-2b coding sequence was subcloned
from a cDNA construct (a gift from B. Dickson, Institute of Molecular Biotech-
nology of the Austrian Academy of Sciences) corresponding to M49-V784 in the
ACL83134 (Genbank) protein sequence. For membrane-tethered modification
of Sema-2a and Sema-2b in pUASt constructs or BAC constructs, the
TM-GFP region of the mCD8-GFP protein (Lee and Luo, 1999) was cloned in
frame to the C terminus of these secreted semaphorins. To generate
PlexBEcTM, the entire extracellular and transmembrane regions (1468 aa inFigure 7. Normal Larval Responses to Vibration Require Precise ch Se
(A and A0) Two still schematic images from amovie (see Movie S1) showing conto
Vibration induces stopping, followed by head turning (‘‘kink’’). Scale bar in (A0) re
(B–D) Ch neurons and Sema-2b are required for normal larval response to vibratio
wild-type (w1118), ato1, and Sema-2bC4 mutant larvae. Green dots (upper trac
Vibration stimuli are indicated by the red bars. Blue dots (lower trace) show mea
angle (see Figure S7 for more details). (B) Wild-type larvae react to vibration by s
each vibration stimulus. (C) ato1mutant larvae, which lack ch neurons, do not turn
vibration.
(E) Quantification of head turning in response to vibration of wild-type, ato1, Sema
as baseline values. Blue error bars show standard errors of the mean relative bas
vibration stimulus. Red error bars show standard errors of the mean angle duri
turning compared to the baseline (p < 0.001; Student’s t test). Although they hav
larvae do not show significant increases in turning in response to vibration comp
Scale bar in A0: 5mm for A and A0.
See also Figure S7 and Movies S1 and S2.total) of the Myc-PlexB protein (Ayoob et al., 2006), followed by a stop codon,
were subcloned into the pUASt vector.
Genetic Analyses
To generate Sema-2a and Sema-2b null alleles, genomic deletions were made
using Flippase recognition target (FRT) sites (Parks et al., 2004) to remove
Sema-2a (FDD-000938: Sema2aB65), Sema-2b (FDD-0012943: Sema-2bC4),
or Sema-2a and Sema-2b (FDD-0012939: Sema-2abA15) (see deleted regions,
Figure S2A). All other mutant stocks have been previously described:
plexBKG00878 (Ayoob et al., 2006), Sema-1aP1 (Yu et al., 1998), and plexADf(4)C3
(Winberget al., 1998b). SpecificGAL4driverswereused to label andmanipulate
particular subsets of neurons and their projections, including: iav-GAL4 (gift of
C. Montell, Johns Hopkins University) for chordotonal sensory neurons, and
sim-GAL4 (Hulsmeier et al., 2007) for MP1 neurons. Other GAL4 drivers used
were elav-GAL4 (Yao and White, 1994) and 5053A-GAL4 (Swan et al., 2004).
The 2b-tMyc pathway was labeled with the Sema2b-tMyc marker
(Rajagopalan et al., 2000). For overexpression studies, the following UAS
transgenes were used: UAS:Sema-2a-TM-GFP, UAS:Sema-2b-TM-GFP,
and UAS:myc-plexBEcTM (this work); UAS:myc-plexB (Ayoob et al., 2006),
UAS:syt-GFP (Bloomington Stock Center #6926).
Immunohistochemical Analyses
Embryo collections and stainings were performed as described (Ayoob et al.,
2006; Yu et al., 1998) using the following primary antibodies: anti-Fas II mAb
1D4, (1:4; Vactor et al., 1993), anti-Sema-2a mAb 19C2 (1:4; Winberg et al.,
1998a), rabbit polyclonal anti-Sema-2b (1:1000; L.B.S., Y. Chou, Z.W., T. Ko-
miyama, C.J. Potter, A.L.K., K.C. Garcia, and L.L., unpublished data), rabbit
anti-GFP (1:1000, Molecular Probes), anti-Myc mAb 9E10 (1:1000, Sigma),
anti-Myc mAb 71D10 (1:1000, Cell Signaling), and rabbit anti-Tau (1:200,
AnaApec). Rabbit anti-PlexB antibodywas generated byNewEngland Peptide
according to the peptide sequence CRYKNEYDRKKRRADFGD in the extra-
cellular domain of the PlexB protein, custom affinity purified and used at
1:200. HRP-conjugated goat anti-mouse and anti-rabbit IgG/M (1:500, Jack-
son Immunoresearch), Alexa488 or Alexa546-conjugated goat anti-mouse
IgG, and Alexa647-conjugated goat anti-rabbit IgG (1:500, Molecular Probes)
were used as secondary antibodies. Embryos at select developmental stages
were dissected to reveal the CNS from the dorsal side, and images were
acquired as described (Ayoob et al., 2006) or using a Zeiss LSM 510 confocal
microscope.
Quantification of the 1D4-i Tract Defects
To quantify 1D4-i tract defects, the CNS region of dissected embryos was
observed from the dorsal side at 403 under bright-field. T2, T3, and A1-8
segments were included for analysis from each embryo. The measure of
1D4-i trajectory disorganization was whether or not two or more 1D4+ bundles
in the intermediate region of the longitudinal connectives were observed to
have a separation of more than one wild-type 1D4+ bundle width; if so, thensory Afferent Targeting within the CNS
urs and skeletons of Drosophila larvae before and during the vibration stimulus.
presents 5 mm (A, A0).
n. Graphs show mean head turning angle (in degrees) as a function of time for
e) show number of larvae tracked by the software within each 0.5 s interval.
n absolute kink angle; blue error bars show standard deviation from the mean
topping and turning their heads. Note the marked increase in mean angle after
in response to vibration. (D) Sema-2bC4mutant larvae do not turn in response to
-2bC4, and iav-PlexBEcTM larvae. Blue marks showmean angle before stimulus
eline values. Red marks show mean angle of larvae during the presentation of
ng vibration. During vibration, wild-type larvae exhibit significant increases in
e similar baseline turning values, ato1, Sema-2bC4, and iav-PlexBEcTM mutant
ared to wild-type (p < 0.001, Student’s t test).
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Semaphorin Code Instructs Sensory Circuit Assemblyhemisegment was scored as disorganized. This determination was made
halfway between adjacent ISN nerve roots for each segment scored.
Alkaline Phosphatase-Binding Assays
The binding of alkaline phosphatase (AP)-tagged ligands to Drosophila S2R+
cells, or to dissected embryonic ventral nerve cords, was assessed as
described (Ayoob et al., 2006; Fox and Zinn, 2005). To select live plexB/
mutant embryos, the plexB KG00878 allele was placed over a fourth chromo-
some GFP marker (a gift from B. McCabe, Columbia University). Homozygous
mutant embryos were then identified by their lack of GFP fluorescence using
a Zeiss LUMAR.V12 fluorescent stereoscope. To produce AP-ligands,
Sema-2a or Sema-2b cDNAswere cloned into the APtag-5 vector (GenHunter)
using NheI and BglII sites. The entire DNA fragment expressing secreted
Sema-2a-AP, or Sema-2b-AP fusion protein ligand, was subcloned to the
pUASt vector using NotI and XbaI sites. The pUASt constructs were cotrans-
fected with an Act-GAL4 plasmid into S2R+ cells cultured in a serum-free
Schneider’s Drosophila medium (13, GIBCO). Four days after transfection,
the cell culture supernatants were collected and concentrated. Freshly
prepared ligands were used each time, and ligand quality was assessed using
western blot. Ligand concentrations weremeasured by quantifying AP activity,
and a concentration of 6 nM was used for ligands in all analyses.
Quantification of the ch Afferent Terminal Distribution
in the Embryonic CNS
To quantify ch afferent distribution within the embryonic CNS, stage 16.5
embryos were stained with 1D4 (for reference coordinates) and anti-GFP to
visualize ch terminals expressing UAS:syt-GFP under the iav-GAL4 driver.
High-resolution Z stack pictures were taken using a Zeiss LSM 510 confocal
microscope from a dorsal view to generate a series of optical cross-sections.
Only hemisegments A2–A4 were scored for quantification (from 4 embryos/
genotype for a total of 24 hemisegments/genotype; 60.5 mm optical
sections/hemisegment for a total of 1500 sections/genotype). We avoided
the region 3 mm to either side of the ch afferent entry point into the VNC to
eliminate excessive background signals from the entering ch nerve bundles
and their initial branching within the CNS. At each anterior-posterior position,
we used the plot profile function from NIH ImageJ software (Rasband WS,
ImageJ, U.S. National Institutes of Health, Bethesda, MD; http://rsb.info.nih.
gov/ij/) to determine both 1D4 and anti-GFP fluorescent signal distributions
along the medial-to-lateral axis in the cross-section. For each optical section,
the peak position of the 1D4-m tract signal was used as a reference point
(lateral position defined as = 0 mm). Then, the lateral GFP signal distributions
from all optical cross-sections were averaged to generate a normalized
distribution for further analysis. Peak position of the normalized GFP distribu-
tion was defined as the lateral position of the highest GFP value in relation to
the 1D4-m peak; peak width was measured at half peak height in the plotted
distribution curve.
Behavioral Tests
Drosophila stocks were constructed using balancers with Tubby or GFP
markers to allow selection of live larvae with desired genotypes. The
Sema-2bC4 mutant was prepared in three genetic backgrounds: an isogenic
line in w1118 background; an isogenic line with the wild-type white+ gene on
the X chromosome in the same w1118 background (W+/w1118); and an
isogenic line through 10 backcrosses to Canton-S line. In all three genetic
backgrounds we observed similar behavioral deficits in vibration responses
in mutant larvae as compared to the wild-type. We used the same
W+/w1118 genetic background for all stocks analyzed in our behavioral
paradigms. For vibration response tests, third instar larvae (before the
wandering stage) were placed on a flat agar plate surface that permits free
movement. Using the MWT and Choreography software (http://sourceforge.
net) (Swierczek N., Giles A., Rankin C. and Kerr R., unpublished data), behavior
of the entire larval population on the dish was tracked and analyzed. Vibration
stimuli were delivered automatically. A dish with larvae was placed directly
above a speaker and eight short (1 s) pulses and a longer (30 s) pulse of
1000 Hz, 1V vibration stimuli were applied at close range. The larval head
turning response (‘‘kink’’) was measured in Choreography, the analysis soft-
ware that accompanies the MWT, using the absolute angle between the296 Neuron 70, 281–298, April 28, 2011 ª2011 Elsevier Inc.head (20% of skeleton) and the main body axis (remaining 80% of skeleton).
This kink angle was quantified and compared between wild-type and mutant
larvae to evaluate startle responses on vibration stimulation.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and two movies and can be
found with this article online at doi:10.1016/j.neuron.2011.02.050.
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